INTRODUCTION
Apoptosis, or programmed cell death, is a cell-autonomous death process requiring cellular enzymatic activity, which does not involve an inflammatory response (27).
Numerous mechanisms exist that can either promote or inhibit apoptosis. The orchestration of promotion or inhibition of apoptosis is dependent upon the interplay between the various mechanisms that control cell fate during development as well as maintenance of the entire organism in its environment throughout life. Although there are numerous distinct apoptotic and anti-apoptotic pathways within a cell, it is evident that there exists communication between the various mechanisms. Communication also exists between extracellular matrix molecules and cell surface receptors as well as, by extension, signal transduction cassettes that may include apoptotic and anti-apoptotic pathways. Important extracellular matrix molecules are the families of proteoglycans and glycosaminoglycans (GAGs) (19) . Proteoglycans consist of specific types of polysaccharide chains, termed GAGs, attached covalently to a core protein. GAGs consist of N-sulfidrylglucosamine or N-acetylglucosamine or N-acetylgalactosamine residues alternating in glycosidic linkages with glucuronic acid, iduronic acid, or galactose residues to form unbranched polysaccharide chains. GAG chains are normally attached to proteoglycans via xylosyl-serine linkages. The GAG constituents of proteoglycans are heparan sulfate, chondroitin/dermatan sulfate or keratan sulfate. Hyaluronan is not sulfated nor linked to a proteoglycan (19) . GAGs bind to other matrix components, cell adhesion molecules and growth factors (19, 29) , which suggest that GAGs may mediate cell adhesion, branching, differentiation, proliferation and apoptosis during fetal lung development (30, 32, 33) .
It has been demonstrated that cells treated with heparan sulfate upregulate platelet-derived growth factor receptors (PDGFRs) in lung fibroblasts (24), which can regulate survival and differentiation pathways. Recently, we have shown that PDGF-BB stimulates GAG synthesis by fetal lung fibroblasts (9), which is mediated via the PDGF β-receptor, PI-3K, Akt1,2 and Rab3D (13,23). Since fibroblasts have been shown to undergo apoptosis during lung morphogenesis (16, 20) as a means to maximize airexchange surface area, we investigated the role of PDGF-BB and GAGS in this process.
Herein, we demonstrate that sulfated GAGs serve a protective role against apoptosis in fetal rat lung fibroblasts and that the means by which this process occurs is through multiple pathways initiated through the PDGF β-receptor involving PI-3K and the serinethreonine kinase Akt.
MATERIALS AND METHODS

Materials
Female (200-250 g) and male (250-300 g) Wistar rats were purchased from Charles River (St. Constant, Quebec) and bred in our animal facilities. Rat protocols were in accordance with CACC guidelines and were approved by the Animal Care and Use Committee of the Hospital for Sick Children. The sources of all cell culture material have been described elsewhere (10). and suspended with HBSS(-). Fibroblasts were isolated from the fetal lungs as previously described (11).
PDGF-BB and GAG stimulation of fetal lung fibroblasts
Fetal rat lung fibroblasts grown to subconfluence in 75-cm 2 culture flasks were washed three times with serum-free minimal essential medium (MEM) and serum starved for 24 h at 37°C. The cells were washed again once with serum-free MEM and incubated with either MEM alone or MEM supplemented with the following reagents for 48 h at 37°C.
These reagents include (i) 20 ng/ml PDGF-BB; (ii) 25 and 50 mM sodium chlorate, (ii) 50
Fg/ml β-D-xyloside; (iv) 50 Fg/ml β-D-galactoside; (v) 100 FM of chondroitin sulfate, heparan sulfate and hyaluronan, respectively.
Wortmannin inhibition of PDGF-BB-stimulated fibroblasts
Fetal lung fibroblasts, washed three times in MEM and serum-starved overnight, were preincubated for 30 min in serum-free MEM with or without 500 nM wortmannin at 37 o C.
Cells were then stimulated with 20 ng/ml PDGF-BB for 48 h at 37 o C. 
Transfection of fetal lung fibroblasts
DNA laddering assay
DNA was extracted from fetal rat lung fibroblasts following treatments using phenol/chloroform. DNA was precipitated from the phenol/chloroform extract using an agarose gel, which was subsequently dried and exposed to Kodak X-OMAT film.
TUNEL staining
Fetal rat lung fibroblasts cultured on glass cover slips (seeded 10 5 cells/cover slip) and 
PARP activity measurement
Following treatment PARP enzyme activity was determined from 7.5 x 10 5 fetal lung fibroblasts, which were trypsinized and suspended in 5 ml of MEM. The cell suspension was centrifuged at 1200xg for 3 min and the supernatant was discarded. The pellet was resuspended in 1 ml of buffer A (56 mM HEPES, 28 mM KCl, 28 mM NaCl, and 2 mM µM Na-orthovanadate, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM PMSF), sonicated, and centrifugated for 15 min at 10,000xg at 4°C. The protein content of supernatant (lysate) was determined according to Bradford (3) . Lysates were boiled for 5 min in sample buffer and subjected to 5% (w/v) SDS-PAGE, transferred to nitrocellulose membrane and immunoblotted, in separate experiments, for BAD, caspase 3 and 7 using antibody dilutions of 1/1000. Nonspecific binding was blocked with 3% (w/v) dry milk powder in PBS. After overnight incubation at 4°C, the membrane was washed three times with PBS, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit
(1:30,000). After several washes with PBS, blots were developed with an enhanced chemiluminescence detection kit (Amersham, Oakville, Ontario).
Statistical Significance
All experiments were repeated at least three times. Data analysis was performed using one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls multiple comparison test. Data are expressed as mean ±standard error (SE). All statistical analyses were performed using Sigma-stat software (Jandel Scientific, Chigago, IL).
RESULTS
PDGF-BB treatment is protective against apoptosis
We initially investigated whether there was a protective effect of PDGF-BB against serum starvation-induced apoptosis of fetal rat lung fibroblasts. DNA laddering and TUNEL labelling were used to reveal end-stage apoptotic events, while PARP assays (2) Figure 1B) . We further observed a significant increase in PARP activity in fibroblasts that were serum-starved or pre-incubated with wortmannin and stimulated with PDGF-BB, indicative of cells that have undergone DNA damage, as compared to serum-starved cells that were stimulated with PDGF-BB alone ( Figure 1C) . All three assays demonstrate that PDGF-BB stimulation of fetal rat lung fibroblasts is protective against serum-starvation induced apoptosis. Since wortmannin abrogated this protective effect of PDGF-BB on apoptosis, we investigated whether this mechanism of protection is directed through the PDGF-BB-Akt regulatory pathway of GAG synthesis and/or secretion.
Akt is protective against apoptosis
We examined the protective effect of Akt on apoptosis by transiently transfecting constituitively-active Akt-DD or dominant-negative Akt-AAA into fetal lung fibroblasts.
DNA fragmentation was detected in serum-starved cells and serum-starved cells transfected with Akt-AAA, but hardly in serum-starved Akt-DD transfected cells ( Figure   2A ). TUNEL labelling corroborated the DNA laddering findings from the aforementioned conditions ( Figure 2B ). We also observed a significant increase in PARP activity in fibroblasts that were serum-starved or serum-starved fibroblasts transfected with Akt-AAA when compared to serum-starved cells that were transfected with Akt-DD ( Figure   2C ). Together, the data demonstrate that increased Akt activity in fetal lung fibroblasts is protective against apoptosis.
β-D-xyloside is protective against apoptosis β-D-xyloside serves as a proteoglycan core-protein substrate for GAG chain elongation and stimulates GAG synthesis of fetal lung fibroblasts (9). As the PDGF-BB mediated GAG response is mainly due to GAG chain elongation, sulfation and secretion (9,23), we investigated whether fibroblasts treated with β-D-xyloside would be protective against apoptosis induced by serum starvation. We observed that 50 µg/ml of β-D-xyloside, a dosage which we have previously shown to stimulate GAG synthesis (9), prevented the DNA laddering compared with control fibroblasts or fibroblasts treated with β-Dgalactoside, a carbohydrate control that does not bind GAGs ( Figure 3A ). TUNEL labelling also showed that β-D-xyloside treatment was protective against apoptosis ( Figure   3B ). Moreover, PARP activity was significantly decreased in fibroblasts treated with β-Dxyloside as compared to control or β-D-galactoside-treated fibroblasts ( Figure 3C ). These data indicate that β-D-xyloside is an effective anti-apoptotic agent for fetal lung fibroblasts.
Sodium chlorate diminishes GAG synthesis
To determine whether PDGF stimulates GAG sulfation we incubated the cells with 
Topical application of sulfated GAGs is protective against apoptosis
Since β-D-xyloside is an artificial substrate for GAG chain elongation, we next investigated whether sulfated or non-sulfated GAGs, topically-applied, were protective against apoptosis. Previously, we reported that PDGF-BB up-regulated both sulfated and non-sulfated GAGs in fetal lung fibroblasts (9) and, therefore, it would be appropriate to differentiate the effects of GAG species on apoptosis. Heparan sulfate and chondroitin sulfate are two major sulfated GAGs produced by fetal lung fibroblasts (9), which also produce hyaluronan, the only known non-sulfated GAG (9). After topical application of these GAGs on fetal lung fibroblast cultures and subsequent serum starvation for 48 h, isolated DNA from each experiment was used in the DNA laddering assay. Chondroitin sulfate and heparan sulfate, but not hyaluronan, were both protective against apoptosis as demonstrated by the absence of DNA laddering ( Figure 5A ). Similarly, fibroblasts treated with hyaluronan displayed significantly greater TUNEL positive cells ( Figure 5B ) and PARP activities ( Figure 5C ) as compared to fibroblasts treated with chondroitin sulfate or heparan sulfate. Experiments were performed using 50 -500 µM of each of the topicallyapplied GAGs. However, data utilizing 100 µM concentrations is presented as these results already demonstrate significant changes. Hyaluronan was not protective against apoptosis at any of the examined concentrations. These data demonstrate that sulfated GAGs produced by fetal lung fibroblasts can protect them from serum-starvation induced apoptosis.
Topical application of sulfated GAGs results in phosphorylation of BAD and prevents cleavage of caspases 3 and 7
Phosphorylation of BAD leads to its sequestration in the cytosol and contributes early to the inhibition of the apoptotic cascade. Furthermore, prevention of the cleavage of caspases 3 and 7, which are crucial mediators of late-stage apoptosis, also contributes to the inhibition of the apoptotic cascade. We, therefore, investigated whether topical application of chondroitin sulfate or heparan sulfate stimulated the phosphorylation of BAD and prevented the cleavage of caspases 3 and 7. In contrast to serum-starved cells, fibroblasts treated with PDGF-BB, chondroitin sulfate or heparan sulfate, but not hyaluronan, led to phosphorylation of BAD at both Ser112 and Ser136 ( Figure 6A ).
Furthermore, treatment of fibroblasts with PDGF-BB, chondroitin sulfate or heparan sulfate prevented cleavage of both caspases 3 and 7, whereas serum starvation or hyaluronan treatment led to the cleavage of both caspase 3 and caspase 7 ( Figure 6B ).
DISCUSSION
Herein, we demonstrate that the PDGF-BB-GAG signaling pathway prevents programmed cell death of fetal lung fibroblasts. First, we demonstrate that PDGF-BB, which increases GAG production in fetal lung fibroblasts (9,13,23), protected the cells against serumstarvation-induced apoptosis. Secondly, wortmannin, an inhibitor of PI-3K and a signaling intermediate in the PDGF-BB-GAG pathway (23), abrogated this protective effect.
Thirdly, transfection of constitutively-active Akt into fetal lung fibroblasts, which increases GAG synthesis and secretion without PDGF-BB stimulation (13), safe-guarded the fetal lung fibroblasts from serum-starvation induced apoptosis. Finally, to determine that the mediator of the anti-apoptotic response was due, at least in part, to GAGs, separate cultures of lung fibroblasts were treated with β-D-xyloside as well as with topicallyapplied sulfated GAGs (chondroitin sulfate and heparan sulfate), both of which resulted in diminished apoptosis. Moreover, topically-applied sulfated GAGs led to an increase in BAD phosphorylation and diminished caspase cleavage which are indicators of an antiapoptotic response.
An effective alveolar-capillary interface is gradually established through expansion of the endothelial, epithelial and air-space compartments followed by resolution of the interstitial wall resulting in thinning of the alveolar septa (26). The resolution of the interstitium has been previously reported to be the result of apoptosis during the canalicular and saccular stages of lung development and is completed during the postnatal alveolar stage (4, 15, 16) .
Previously, we reported that fibroblasts differ in their production of GAGs depending on their proximity to the epithelium (10). Fibroblasts in close proximity to the epithelium mainly produce and secrete hyaluronan whereas more distant fibroblasts, from the pseudoglandular stage of lung development, synthesize primarily heparan sulfate and chondroitin sulfate. However, this same population of fibroblasts from the canalicular stage of lung development produce more hyaluronan (10). The shift to hyaluronan production correlates with resolution of the alveolar septal wall and a concomitant increase in apoptosis, strongly suggestive of a role for GAGs in lung development.
Since PDGF-BB stimulates sulfated GAG synthesis (8,9) we treated the cells with sodium chlorate, a global sulfate inhibitor, and observed that chlorate significantly reduced PDGF-BB-mediated GAG synthesis from radioactive sulfate. Moreover, we found that PDGF-BB in the presence of chlorate did not prevent serum-starvation induced apoptosis, suggesting the degree of GAG sulfation may play a role in the anti-apoptotic action of PDGF-BB, which fits with the observation that only sulfated GAGs were protective against apoptosis. The aglycone derivative of β-D-xyloside, used in the current study, was p-nitrophenyl, which is known to prime mainly chondroitin/dermatan sulfate (25 Furthermore, it has been demonstrated that increasingly larger sulfated oligosaccharide molecules lead to a greater enhancement of hepatocyte growth factor activation of its cognate receptor, c-MET (38). It has also been shown that heparan sulfate can bind PDGF-A and -B chains due to the presence of the trisulfated L-iduronic acid disaccharide unit on its GAG side chain (18) . In our culture experiments, topical GAGs were not added to the fibroblasts with PDGF-BB. However, late-stage fetal rat lung fibroblasts express the PDGF-B chain and PDGF β-receptor genes (5,7). Thus, it is possible that the secreted PDGF-BB, albeit in low concentration, can be bound by the sulfated GAGs and presented to the PDGF β-receptor, potentiating the ligand affect, which would be otherwise submaximal. In this manner, it may be possible to activate the receptor and the downstream mechanisms necessary for cell survival. Since it has been determined that complexes between FGF and heparan sulfate are resistant to both heat denaturation and proteolytic degradation (6), it remains possible that PDGF-BB from fetal lung tissue was carried over during the cell culture procedure, further potentiating the effect of the ligand-GAG complex on the PDGF β-receptor.
It has been demonstrated that heparan sulfate up-regulates PDGF receptors in lung fibroblasts by three-fold over basal expression but has no effect on endogenous expression of PDGF-AA or PDGF-BB (24). This finding in conjunction with the stabilization and concentration of extracellular PDGF-BB by sulfated GAGs, albeit at a low concentration, strengthens the concept that topically-applied sulfated GAGs can safeguard a cell from apoptosis by activating signaling mechanisms downstream of the PDGF β-receptor.
Therefore, a positive feed-back loop reinforces the anti-apoptotic signaling mechanism initiated by the application of the sulfated GAGs.
PDGF-BB stimulation of the PDGF β-receptor is an absolute requirement for GAG synthesis to occur (9,13,23). Downstream signaling pathways that mediate GAG synthesis 
